The classical ischaemic cascade illustrated in fig 1 demonstrates that one of the first indicators of an imbalance between myocardial oxygen demand and supply is a reduction in myocardial perfusion. Myocardial contrast echocardiography (MCE) has the ability to demonstrate both myocardial blood volume and velocity on a regional basis. The combination of these two parameters has been shown to represent myocardial blood flow [4] [5] [6] [7] and we can assume that this is directly proportional to myocardial perfusion. The excellent spatial resolution of MCE affords significant advantages over nuclear techniques. Cost, availability, and patient preference also means that stress MCE has the potential to be a more appropriate investigation than stress cardiac magnetic resonance imaging in the evaluation of reversible ischaemia.
PRINCIPLES OF STRESS MCE
Ischaemia, as generated during stress in myocardial segments subtended by epicardial coronary vessels with flow limiting lesions, results in a relative reduction in myocardial blood flow. 8 9 Myocardial blood flow is directly proportional to the product of blood volume and velocity. [9] [10] [11] [12] Both these parameters can be readily evaluated and appreciated during stress MCE, using a variety of techniques. Myocardial contrast signal intensity is directly proportional to blood volume. Relative reduction in blood volume during ischaemia will cause a reduction in the contrast signal as illustrated in fig 2. MCE techniques can be described as either destructive or non-destructive imaging methods. 4 The former techniques largely rely on contrast destruction to work and include harmonic imaging, harmonic power Doppler (angio), and pulse inversion imaging. These techniques operate at a high ultrasound transmit power (mechanical index (MI)) and need to utilise intermittent imaging. Therefore wall motion information is not available. Low output (low MI) techniques have also been developed. These methods minimise contrast destruction because of low power, thereby facilitating realtime imaging of myocardial contrast, together with wall motion and thickening information. Both of these types of techniques can be utilised for stress MCE studies.
Contrast agents can be administered either via a bolus injection or continuous infusion. Bolus injections have the advantages of using lower contrast volumes and are simple to administer. However, they often result in attenuation in the image plane for a transient period and there is often only a short period, during the decay phase, when the contrast agent concentration is appropriate for analysis of myocardial blood volume.
Infusions of contrast agents are more complex to administer and usually require a larger volume of agent. However, they require less operator involvement during the stress study, it is easier to adjust the infusion rate to optimise myocardial opacification without excessive attenuation, and Figure 1 The classical ischaemic cascade demonstrating the sequence of events that occur during stress induced ischaemia. Abnormalities in myocardial perfusion occur earlier than mechanical or ECG changes. Therefore, methods which are able to detect stress induced perfusion abnormalities should have good sensitivity for diagnosing reversible ischaemia. Figure 2 The basic principles of qualitative evaluation of stress MCE images. Following administration of contrast, the myocardial video intensity increases, representing contrast within the myocardial blood volume. During stress, myocardial blood volume should increase and therefore the myocardial signal intensity should be greater than at rest. In myocardial segments supplied by coronary vessels with reduced flow reserve (reversible ischaemia), myocardial blood volume will decrease, resulting in a reduction in the contrast signal. This is often most evident in the subendocardium where ischaemia is greatest. Myocardial segments with fixed perfusion defects will show a reduced contrast effect at both rest and stress when compared to normally perfused territories.
finally, a constant contrast concentration is more suited to quantification of myocardial blood flow.
The final variable in the methodology for stress MCE is the choice of stress agent. The choice is really between a positive inotrope such as dobutamine or arbutamine, or a coronary vasodilator such as dipyridamole or adenosine.
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BOLUS INJECTIONS WITH REAL-TIME IMAGING
Bolus contrast injections are probably more suited to being used in combination with real-time, non-destructive, low MI imaging techniques. This has the advantage of allowing simultaneous evaluation of wall motion and perfusion, using contrast enhancement. These real-time low MI imaging techniques usually provide excellent endocardial definition at adequate frame rates. Myocardial perfusion information is therefore incremental to the wall motion data and this methodology provides an excellent starting point for performing stress MCE studies. 16 During stress, we would expect changes in perfusion to be evident before wall motion abnormalities. 6 Therefore, the stress MCE images can be taken, if required, at a submaximal stage. This technique can be utilised successfully during conventional dobutamine stress echocardiography, since at low doses dobutamine acts as a coronary vasodilator, 8 and during stress ischaemia changes in myocardial blood volume will occur, as described previously. Figures 3 and 4 illustrate a case of a patient with an occluded left anterior descending (LAD) stent, where the distal part of the LAD is supplied by collaterals from the right coronary artery (fig 4B) . The image shown is an apical four chamber view taken at peak dobutamine stress (40 mg/kg/ min) during a contrast bolus injection. Coronary flow reserve is clearly reduced in the distal LAD territory and the myocardial contrast signal is reduced in the apical subendocardial territory. A stress induced wall motion abnormality was also evident in the same region. The excellent spatial resolution afforded by MCE is illustrated in this case, where it is possible to see the reduction in contrast enhancement confined to the subendocardium.
DESTRUCTION, REPERFUSION REAL-TIME IMAGING
When low MI, real-time imaging is used during stress MCE it is best to employ a ''negative bolus'' technique in combination with a contrast infusion. Again, good endocardial definition is nearly always obtained. The low MI imaging methodology typically uses an output MI of , 0.1. If a few frames of high output power (MI . 1.0) are fired, then contrast microspheres will be destroyed. This usually results in the myocardial contrast effect disappearing, whereas the left ventricular cavity remains bright because the contrast concentration is significantly greater in the cavity. The washin curve of contrast into the myocardium following destruction can then be observed and measured. As previously described, the slope of the curve is proportional to blood flow velocity and the plateau to blood volume. The product of both parameters is proportional to absolute blood flow, which will be reduced in ischaemic zones. A comparison before and after stress (especially vasodilator) will permit an assessment of coronary blood flow reserve.
However, a semi-quantitative approach can also be taken by direct observation of the number of cardiac cycles taken for an individual segment to reperfuse. Delayed reperfusion (. 3-4 cycles), especially in the subendocardium, is highly suggestive of ischaemia. During stress, increased myocardial blood flow should mean that an individual segment will reperfuse more quickly than at rest. Again this methodology can be used with both inotropic or vasodilator stress, as previously outlined. Figure 3 End systolic apical four chamber image acquired during realtime low MI imaging (power modulation) at peak dobutamine stress with a contrast bolus injection. This patient had had a left anterior coronary artery stent implanted eight weeks previously and had been referred for stress MCE because of a recurrence of his symptoms. An apical subendocardial perfusion defect (arrowed) is clearly seen. Reduced myocardial contrast in the basal lateral segments represents a contrast attenuation artefact. 
DESTRUCTIVE, INTERMITTENT IMAGING
As previously mentioned, this type of methodology will cause destruction of contrast microspheres within the myocardium and therefore these methods are utilised with intermittent imaging and no wall motion data are available.
By varying the triggering interval from one frame every cardiac cycle to up to one frame every 10 cycles it is possible to obtain data on myocardial blood flow. It is important to step though an acquisition sequence where the triggering interval is varied and increased in a stepwise fashion. Software on some ultrasound systems permits the creation of a triggering sequence which simplifies and standardises image acquisition.
Since myocardial blood flow increases during stress we would expect that reperfusion will occur with shorter trigger intervals than at baseline. For example, during vasodilator stress the normal coronary flow reserve response results in blood flow increasing by a factor of four. Therefore, at rest it may take a trigger interval of four cardiac cycles for an individual segment to reperfuse, whereas under maximum coronary vasodilation reperfusion should occur in one cycle.
Although this form of stress MCE is usually performed with vasodilator stress, it can also be utilised with inotropic stress. As previously mentioned, coronary physiology dictates that during stress induced ischaemia, relative reductions in myocardial blood volume, secondary to capillary de-recruitment, will result in slower reperfusion into ischaemic territories. Therefore, at short triggering intervals during stress, a perfusion defect may be visualised.
Although efforts to optimise stress MCE studies have so far mainly concentrated on evaluating perfusion in the left ventricular myocardium, it is possible to evaluate right ventricular myocardial perfusion. 17 However, contrast attenuation is more problematic in the right ventricle and therefore careful attention to appropriate imaging planes are required.
LIMITATIONS OF STRESS MCE
Although excellent research data strongly suggests that these techniques will have a major clinical role in the future, current clinical practice has been slow to adopt stress MCE as an alternative method for evaluating reversible ischaemia. There are undoubtedly many reasons for this but some of the most important ones include the lack of available training in these techniques for non-invasive cardiologists, late development of appropriate contrast specific imaging software, lack of consensus about the appropriate combination of methodologies to perform a successful study, difficulties in obtaining reliable MCE data in the far zones of the ultrasound scan plane, and artefacts caused by contrast attenuation and wall motion, etc.
Despite these limitations, interest in this field remains extremely high and the remaining obstacles to progression of stress MCE are rapidly being overcome. The recent development of real-time three dimensional echo systems, that work effectively with contrast, creates the possibility of three dimensional stress MCE, which is a truly exciting prospect.
CONCLUSION
One of the earliest consequences of reversible myocardial ischaemia is a relative reduction in myocardial perfusion. MCE can detect myocardial contrast parameters which are directly related to perfusion at both rest and stress. This technology therefore has the potential to increase the diagnostic sensitivity for the detection of reversible ischaemia over and above that already established for conventional stress echocardiography. Since stress MCE can be used in combination with conventional stress echo techniques and can provide enhanced wall motion plus perfusion data, it should also increase our diagnostic confidence.
Finally, further important advantages over other competing technologies include cost, time, excellent spatial resolution, that it is a bedside technique, the ability to assess other intracardiac structures at the same time, and the lack of ionising radiation. For these reasons, stress MCE is likely to become the preferred technique for functional cardiac imaging in the future.
